Background/Aims: Integrin-linked kinase-associated phosphatase (ILKAP), a serine/threonine phosphatase that belongs to the protein phosphatase 2C family, has a role in cell survival and apoptosis. Hypoxia-inducible factor 1α (HIF-1α) is the key transcription factor in the response to oxygen deficiency in mammals. Direct phosphorylation and dephosphorylation of HIF-1α affect its function. The present study investigated the role of ILKAP on HIF-1α dephosphorylation and cell behavior. Methods: HIF-1α was induced by hypoxia. Physical binding between ILKAP and HIF-1α was demonstrated by a co-immunoprecipitation assay. HIF-1α transcriptional activity was investigated using a hypoxia-response element-containing luciferase reporter plasmid. Cell viability was evaluated by a trypan blue dye exclusion assay. ILKAP function was explored by a gain and loss assay with an overexpression plasmid and shRNA infection. Results: ILKAP physically interacted with HIF-1α and induced its dephosphorylation. Both the HIF-1α-p53 interaction and apoptosis relied on ILKAP. Conclusion: The results indicated that the ILKAP directly binds and dephosphorylates HIF-1α and responsible for severe hypoxiainduced cell apoptosis.
ILKAP Binding to and Dephosphorylating HIF-1α is Essential for Apoptosis Induced by Severe Hypoxia

Introduction
Hypoxia-inducible factor 1 (HIF-1), a basic helix-loop-helix transcription factor, is a heterodimer containing HIF-1α and HIF-1β that plays a crucial role in O 2 homeostasis [1] . Under hypoxia, HIF-1α dimerizes with HIF-1β and binds to a 5′-(A/G)CGTG-3′ sequence within hypoxia-responsive elements to activate the transcription of target genes, such as erythropoietin, vascular endothelial growth factor, and various glycolytic enzymes. HIF-1α is involved in many physiological and pathological processes including erythropoiesis, angiogenesis, cell viability, and energy metabolism. HIF-1α is ubiquitinated and degraded by the proteasome under normoxic conditions [2] . Hypoxia induces HIF-1α protein by preventing its ubiquitination, and the subsequent phosphorylation of HIF-1α enhances its transcriptional activity [3] . On the other hand, HIF-1β is expressed constitutively in the nucleus and functions as a common subunit of multiple basic helix-loop-helix family proteins [4] . Thus, HIF-1 transcriptional activity is mainly determined by the HIF-1α subunit in response to hypoxic and normoxic conditions.
Integrin-linked kinase-associated phosphatase (ILKAP) was identified originally in 1998 as a serine/threonine phosphatase belonging to the protein phosphatase 2C (PP2C) family [5] . ILKAP baits and binds directly to integrin-linked kinase (ILK) [6] , which is a serine/threonine kinase that binds directly with the cytoplasmic tail of integrin β1 to form an ILK-integrin β1 complex [7] . ILKAP binds with the ILK-integrin β1 complex to repress the downstream signaling pathway, resulting in blocked cell cycle progression, cell proliferation, and survival, while it promotes cell apoptosis and death [8] . Although the ILKAP catalytic domain shares apparent sequence homology with the PP2C family, its noncatalytic domain differentiates it from other PP2C family members because of a unique sequence that shares no homology with any known proteins. This impressive property of ILKAP indicates that it undergoes specific interactions with other target proteins [9] .
In our previous study, we demonstrated that both endogenous and tagged ILKAP are mainly located in the nucleus and its nuclear localization signal is positioned between amino acids 71 and 86, and ILKAP binds with importin α1, α3, and α5 via Lys78 and Arg79. We also showed that nuclear ILKAP interacts with p90 ribosomal S6 kinase 2 (RSK2), a classic serine/ threonine kinase [10] , and inhibits its activity, resulting in the decreased expression of its downstream substrate cyclin D1 [9] . Considering the multiple functions of its phosphatase and the unique sequence of ILKAP, we speculate that RSK2 may not be the sole target protein of ILKAP.
The regulation of HIF-1α activity includes but not limited to the expression alteration, and the post-translational modification including phosphorylation, ubiquitination and dephosphorylation. Suzuki et al. found that exposure to prolonged and severe hypoxia induces both the phosphorylation and dephosphorylation of HIF-1α. Phosphorylated HIF-1α is the major form that binds to HIF-1β and is responsible for cell survival, while dephosphorylated HIF-1α is the major form that binds to p53 and maintains the stabilization of p53 and promotes its subsequent activation, such as apoptosis during severe hypoxia [11] . However, the mechanism for the severe hypoxia-induced dephosphorylation of HIF-1α is still barely understood and the responsible phosphatase is unknown. In this current study, we found that ILKAP physically interacts with HIF-1α directly and dephosphorylates HIF-1α. Both the stability and transcriptional activity of HIF-1α were significantly reduced by ILKAP. Our findings demonstrated that the ILKAP-induced dephosphorylation of HIF-1α is a crucial mode of regulating HIF-1α activity and downstream cellular apoptosis, and suggested the important role of ILKAP in hypoxia.
Materials and Methods
Cell culture and oxygen deprivation
The tumor cell line A172 was maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS), 50 U/mL penicillin, and 50 mg/mL streptomycin, and cultured in a 37 °C humidified atmosphere incubator with 5% CO 2 . All experiments were performed using the cells under exponential growth and were repeated at least twice.
Oxygen deprivation was performed according to our previous study [12, 13] . Briefly, the cells were cultured in a modular incubator chamber (Billups-Rothenberg, Del Mar, CA) that had been flushed with a 
Measurement of cell viability
A trypan blue dye (Sigma, St. Louis, MO) exclusion assay was performed to determine cell viability. Viable and nonviable cells were counted using a hemocytometer after cellular trypan blue suspension. At least 200 cells were counted for each data point.
Western Blotting
The cells were lysed on ice for 30 min in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, and 0.1% sodium dodecyl sulfate (SDS) supplemented with protease inhibitors (10 mg/mL leupeptin, 10 mg/mL pepstatin A, and 10 mg/mL aprotinin). For western blot analysis, 15 μg sample was resolved by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and electrotransferred onto a nitrocellulose membrane (Whatman, Piscataway, NJ) [14] . The primary antibodies used were anti-HIF-1α, anti-ILKAP, and anti-p53 from Novus Biologicals (Littleton, CO), and anti-cleaved caspase-3, anti-cleaved caspase-7, and anti-cleaved caspase-8 from Cell Signaling Technology (Danvers, MA) at a dilution of 1:500. To normalize protein loading, an anti-β-actin (8457; Cell Signaling Technology) antibody was used at a 1:2, 000 dilution. Horseradish peroxidase-conjugated secondary antibodies were used at a 1:2, 000 dilution. Antigen-antibody complexes were visualized using an enhanced chemiluminescence detection system (Millipore, Billerica, MA) as recommended by the manufacturer. The immunoreactive bands were analyzed semi-quantitatively by normalizing band intensity to the background on the scanned films with Quantity One ® software (Bio-Rad Laboratories, Inc., Hercules, CA), and relative quantification is indicated below each band in the figures.
Co-immunoprecipitation
For immunoprecipitation analysis, the cells were lysed in a lysis buffer containing 10 mM HEPES-KOH (pH 7.4), 5 mM MgCl 2 , 142.5 mM KCl, 1 μM MG-132 (Peptide Institute, Inc., Osaka, Japan), 0.5% NP-40, 1 mM EGTA, and protease inhibitor cocktail for 10 min at 4 °C Equal amounts of proteins were pre-cleared and immunoprecipitated using the anti-ILKAP, anti-HIF-1α, and anti-p53 antibodies, respectively. The immunoprecipitates were then washed with a washing buffer containing 10 mM HEPES-KOH (pH 7.4), 5 mM MgCl 2 , 142.5 mM KCl, 0.5% NP-40, and 1 mM EGTA, and then resolved by SDS-PAGE and revealed by immunoblot analysis.
Dephosphorylation assay
As described, HIF-1α was immunoprecipitated using the anti-HIF-1α antibody. The immunoprecipitates were washed with phosphatase buffer (PBS) and incubated with 400 U ILKAP (Novus Biologicals), PBS as a negative control, and 400 U λ phosphatase (New England BioLabs, Ipswich, MA) as a positive control for 30 min at 30 °C.
Cell infection
An ILKAP overexpression plasmid and ILKAP short hairpin RNA (shRNA) expressing adenovirus were purchased from the Han-bio Company (Shanghai, China). Cell infection was performed according to the manufacturer's guidelines. Briefly, the cells were plated for 24 h prior to infection in 6-well plates. After 24 h incubation in FBS-free medium for serum starvation, 2 μL virus solution with a titer of 1.0 × 10 10 PFU/mL was added to each well, and the cells were incubated at 37 °C overnight. Hypoxia and respective infection were performed simultaneously at a designed O 2 concentration and time schedule.
Statistical analysis
The results are expressed as the mean ± standard deviation. Statistical analysis was carried out using one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test or two-way ANOVA with Sidak's multiple comparisons test. P-values less than 0.05, 0.01, or 0.001 were considered statistically significant, very significant, or extremely significant, respectively.
Results
Hypoxia-induced apoptosis and ILKAP-dephosphorylated HIF-1α
The viability of the tumor cell line A172 (Fig. 1A) was significantly reduced after exposure to hypoxia for a long period of time together with increased levels of apoptosis markers (Fig.  1B) . A TUNEL assay showed apoptosis increased as exposure to hypoxia was prolonged (Fig.  1C) . HIF-1α was gradually induced by hypoxia in a time-dependent manner, as shown by western blotting; moreover, the small molecular band of HIF-1α (lower one) was significantly increased, especially after 48 h, while the slower migrating band (higher one) decreased as exposure to hypoxia was prolonged (Fig. 1D) . To explore the mechanism of the two bands of HIF-1α and the function of ILKAP, we treated HIF-1α with 400 U ILKAP, PBS as a negative control, and 400 U λ phosphatase as a positive control for 30 min at 30 °C, respectively. We found that the HIF-1α bands migrated significantly faster in the ILKAP and λ phosphatase groups than in the PBS group (Fig. 1E) . Thus, the slower migrating band (higher one with a larger molecular weight) was phosphorylated HIF-1α, while the faster band (lower one with a smaller molecular weight) was dephosphorylated HIF-1α. These results confirmed that the phosphorylation status of HIF-1α was altered during prolonged hypoxia-induced apoptosis, and suggested that ILKAP was responsible for HIF-1α dephosphorylation.
Interactions among ILKAP, HIF-1α, and p53 during prolonged hypoxia
To explore the interaction between ILKAP and HIF-1α, the cells were treated with hypoxia for 72 h and lysed immediately. The cell lysates were immunoprecipitated with the anti-ILKAP antibody. The phosphorylated form of HIF-1α was preferentially immunoprecipitated by the anti-ILKAP antibody ( Fig.  2A) . A similar procedure was performed to explore the interaction between HIF-1α and p53. However, the dephosphorylated form of HIF-1α was preferentially immunoprecipitated by the anti-p53 antibody (Fig. 2B) . A further assay indicated that ILKAP did not interact with p53 ( Fig. 2C and 2D ). These results suggested that ILKAP binds directly with phosphorylated HIF-1α and dephosphorylates it; then, ILKAP and dephosphorylated HIF-1α are separated, and dephosphorylated HIF-1α binds directly with p53. 
ILKAP is crucial for prolonged hypoxia-induced apoptosis
To explore the role of ILKAP during prolonged hypoxia-induced apoptosis, we performed ILKAP shRNA adenovirus infection during hypoxia treatment. Cell viability was significantly maintained by ILKAP shRNA compared to the vehicle group (Fig. 3A) . Apoptosis markers (Fig. 3B ) and TUNEL assay (Fig. 3C) showed a significant decrease in apoptosis in the ILKAP shRNA group compared to the vehicle group. The bands showed that HIF-1α was not significantly transformed to the dephosphorylated form in the ILKAP shRNA group compared with the vehicle group (Fig. 3D) . These results suggested that ILKAP is essential for prolonged hypoxia-induced apoptosis.
ILKAP induces apoptosis under normoxia
To explore further the role of ILKAP in apoptosis, we established an adenovirus ILKAP (Ad-ILKAP) overexpression system and assessed its function under normoxia. Cell viability was significantly reduced in the Ad-ILKAP group in a dose-dependent manner (Fig. 4A) . Apoptosis markers (Fig. 4B ) and TUNEL assay (Fig. 4C) showed a significant increase in apoptosis in the Ad-ILKAP group compared to the vehicle group. HIF-1α was not expressed in the vehicle group, but it was detected in the Ad-ILKAP group, and the HIF-1α bands in the Ad-ILKAP group separated and transformed clearly to the faster migrating band (Fig. 3D) . These results indicated that ILKAP induces apoptosis, HIF-1α, and its dephosphorylation under normoxia.
Discussion
Hypoxia induced p53 and subsequent apoptosis at 0.02% O 2 , but not 0.2%, in a mouse embryonic fibroblast study [15] suggesting that the induction of apoptosis is related to the severity of hypoxia. HIF-1α is responsible for severe hypoxia-induced apoptosis by binding to and stabilizing p53 [16] . Two major forms of HIF-1α have been identified under severe and prolonged hypoxia: phosphorylated and dephosphorylated HIF-1α. Dephosphorylated, but not phosphorylated, HIF-1α is closely correlated with p53 induction and the subsequent activation of severe hypoxia-induced apoptosis [11] . However, the phosphatase that regulates the dephosphorylation of phosphorylated HIF-1α is still unknown.
ILKAP was identified initially in a yeast two-hybrid screen system baited with ILK, and it was considered as a cytoplasmic protein that was involved in the down-regulation of integrin signaling [6, 17] . The exact substrates of ILKAP are still controversial despite the fact this protein has been studied for many years. Our previous study showed that ILKAP is a nuclear protein, and its nuclear transport is mediated by direct interactions between its nuclear localization signal and importins α1, α3, and α5. Moreover, we found that apoptosis is induced by ILKAP through the inhibition of RSK2 activity and repression of its downstream substrate cyclin D1 [9] . In the current study, we disclosed another mechanism under hypoxia in which ILKAP is a crucial phosphatase that modulates cell survival and apoptosis through its regulation of HIF-1α. Specifically, ILKAP binds directly to and dephosphorylates HIF-1α as hypoxia is prolonged. Gain and loss of function assays suggested that ILKAP is crucial for the subsequent induction of apoptosis.
The role of ILKAP in the regulation of cell survival and apoptosis is multispectral. ILKAP can be induced by cellular stresses such as ultraviolet irradiation and ethanol treatment [5] . ILKAP promotes both TNFα-induced AP1 activation and phosphorylation of JNK and p38 in HEK293 cells. However, ILKAP has no effect in HEK293 cells on AP1 activation and JNK or p38 phosphorylation, but further promotes the sustained activation of MAPKs [18] . ILKAP is associated with ASK1 in these cells and activates this kinase by inducing Thr845 phosphorylation. These observations suggest that ILKAP might be a positive regulator of TNFα-induced apoptosis. However, it remains to be determined whether ILKAP performs this activation by directly dephosphorylating the inhibitory phosphorylation sites of ASK1, such as Ser83, Ser967, and Ser1034 [18] . Leung et al. found that ILKAP inhibits integrin Cellular Physiology and Biochemistry
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signaling by selectively inhibiting GSK3β-mediated ILK1 through forming a complex with ILK1 [6] . Oncogenic transformation is also suppressed by ILKAP through the inhibition of ILK1-GSK3β [17] . These studies suggest that ILKAP might regulate the cross-talk between the TNFα-induced and integrin-induced signaling pathways by suppressing the former and stimulating the latter to induce the apoptosis of tumor cells [18] . HIF-1α was identified as a positive factor for tumor growth, and many genes induced by HIF-1α, including angiogenic growth factors and enzymes for glucose metabolism, are upregulated in cancers compared with normal tissues [19] . Thus, HIF-1α was generally considered as being responsible for carcinogenesis [20] . Moreover, some tumor suppressors, such as p53 [16] and PTEN [21] , inhibit HIF-1α activity. These complicated roles of HIF-1α might be related to post-translation modifications and its different patterns.
In summary, we revealed that ILKAP directly dephosphorylates HIF-1α and is responsible for the subsequent p53-related apoptosis. Considering the complicated roles of HIF-1α and p53, our current study may establish a foundation to investigate the role of different HIF-1α patterns in many diseases.
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